. Basaltic melt at eruptive temperature (1150°C) fragmented by the fast injection of com pressed gas from below (inner crucible diameter is 10 centimeters). All experimental conditions are the same, but the melt on the left contains about 40% fewer crystals than the one on the right, resulting in a more pronounced ductile response to the stress, as evidenced by the fluidal aspect of the residual melt in the crucible and a higher ratio of fluidal/blocky shapes in the experimen tal ash particles. Original color image appears at the back of this volume.
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Radar altimetry has revolutionized ocean ography by providing global measurements of ocean surface topography (OST [e.g., Ft/ and Cazenave, 2001] ). Long-term measure ments of large-scale circulation and heat storage of the global oceans have led to dis coveries such as the effects of changes in ocean circulation on climate (e.g., El Nino and La Nina). A critical limitation, however, is the 200-to 300-kilometer spacings between satellite orbital tracks, which are unable to resolve the currents and oceanic mesoscale processes that contain 90% of the kinetic energy of the oceans.
In contrast to ocean observations, surface freshwater measurements are limited mostly to in situ networks of gauges that record water surface elevations at fixed points along river channels. Globally, the spatial and temporal distribution of water stored on the land surface and moving through river chan nels is known only crudely. Furthermore, water movement in wetlands and across floodplains throughout the world is essen tially unmeasured, significantly limiting our understanding of flood processes.
The physical oceanography and surface freshwater hydrology communities have 
Open Issues in Physical Oceanography and Surface Water Hydrology
Several issues in physical oceanography cannot be addressed from currently avail able measurements. First, the strongest cur rents of the ocean (e.g., Gulf Stream and Kuroshio) have spatial scales of a few tens of kilometers in the cross-stream direction. These currents and their meanders and eddies carry most of the kinetic energy of the ocean. Recent numerical experiments (Figure 1 ) suggest that realistic simulation of oceanic heat transport can only be achieved from models fully resolving these scales. Without this information, questions are left open regarding the effects of ocean currents and eddies on global climate.
Second, upwelling and crossshelf transport of mass, salt, and nutrients in the coastal oceans occur at spatial scales of 10 kilometers or less, which are presently not sampled glob ally. Unanswered questions include the effects of coastal circulation on marine life, ecosystems, waste disposal, and transporta tion.
Third, observations of OST are used in conjunction with models to compute the 'heat potential' for predicting hurricane intensity. The spatial structure of hurricanes is complex and requires high-resolution observations with broad spatial coverage. For example, merging of multiple satellite altime ter observations resulted in a 21% improve ment in the 96-hour lead-time forecast of Hurricane Ivan [Mainelli et al., 2007] .
Because measurements are few and poorly distributed, questions that remain in terrestrial hydrology include the following: One issue involves the terrestrial water bal ance for a river basin, which equates precipi tation minus evapotranspiration with dis charge and storage changes. These terms are known with varying accuracy and are typi cally only balanced with long-term averag ing and in the absence of trends, a condition that is often not met in the presence of cli mate change. For example, lakes are disap pearing in parts of Siberia (a long-term man ifestation of changes in surface storage) despite slight increases in precipitation [ Smith etal, 2005] .
Also, water flow through wetlands and floodplains is spatially and temporally com plex. These flows are a key element of wet land ecology and floodplain geomorphology because they transport nutrients and carbon as well as erode and deposit sedi ments. The amount of water stored on floodplains is poorly known, leaving open ques tions regarding these wetland processes and related flood hazards. Additionally, surface menti per la Ricerca di Base-Ministero Istruzione, Universita e Ricerca),"Development of innovative technologies for the environmen tal protection from natural events." The authors thank the personnel of the S.Vincenzo observatory; A. Davila; S. Nielsen; S. Vinciguerra; and M."Zaza"Zaia. Aeronautics are supported by C. Acerra, G. Caramelli, G. Di Stefano, G. Romeo, C. Salvaterra, W.Thorossian,and R.Volpe.The authors also acknowledge reviews from K.H.Wohletz. water is the primary source of potable water for much of the world's population, yet its availability cannot be accurately predicted, especially for the many river basins that cross international boundaries.
SRTM Water Surface Elevations of the Purus River

Measurements Required to Address These Questions
Spaceborne measurement goals for nextgeneration radar altimetry are driven by the science and applications issues listed above. The intent is not to replace in situ observa tions, but rather to complement them with fundamentally new types of data. The equa tions of flux and mass conservation in both physical oceanography and terrestrial hydrology require measurements of water surface elevations, temporal changes in water levels, water slope, and their spatial extents.
The oceanic, fluvial, and wetland pro cesses described above have complex, two- dimensional, changing spatial patterns that are not adequately sampled by existing altimeters or in situ observations. These pro cesses operate over a continuum of spatial scales ranging from hundreds of kilometers to less than 100 meters (e.g., the width of a river channel).Temporal variability is simi larly broad, ranging from annual and semi annual flood waves in the Amazon and Congo basins, respectively, to daily tidal fluc tuations.
Centimetric height and slope accuracy is needed for both oceans and terrestrial sur face water applications. Because the slope of the ocean surface is proportional to current velocity, the required OST slope accuracy is 1 centimeter over 100 kilometers for a veloc ity accuracy of 1 centimeter per second at midlatitudes. Slope is also an indicator of surface velocity in rivers, for which the low est slopes are about 1 centimeter per kilo meter. The vast size of tropical and Arctic wetlands allows for large changes in the amount of water stored in a body of water with just centimeter-scale temporal varia tions in water surface heights.
Progress and Priorities of Wide-Swath Altimetry
These sampling requirements can be addressed with spaceborne wide-swath altimetry. Two primary differences in sam pling requirements between oceanic and terrestrial surface waters are complementary and do not require compromise.
One difference is the issue of tidal aliasing, which occurs because the high-frequency tidal signals (most of which have periods near 12 and 24 hours) are sampled too infre quently to resolve the amplitude and phase of the tidal signals. Because of inadequate sampling, these high-frequency signals are misinterpreted as lower frequencies that are referred to as alias frequencies. Care must be taken to avoid aliasing of the tides into fre quencies near known energetic variability in the ocean, for example, the annual cycle [Parke et al., 1987] .Such aliasing issues are not a major concern for hydrology because river flows and waters stored in wetlands do not have cyclical variations on such short timescales. Swath coverage permits revisits to any given location twice per repeat cycle, with more frequent coverage at high lati tudes. With a 21-day repeat orbit, the tropics could be sampled three times per month and Arctic regions north of 55°N could be sampled about twice per week.
A second difference is that the required spatial resolutions for sampling coastal ocean currents approach 1 kilometer, whereas lakes and rivers are much smaller and require sub-100-meter samplings. For example, a profiling altimeter in a 10-day orbital repeat cycle misses about 75% of the world's lakes because they often fit between orbital tracks [Alsdorf et al., 2007] .Terrestrial surface waters extend from 75°N to 55°S, and thus an orbital inclination of 78° ensures global coverage, allowing the satellite to sur vey all of the Earth's water bodies.
A great deal of progress has been made since the 1992 launch of TOPEX/POSEIDON, one of the first satellites launched specifi cally to measure ocean surface topography.
Radar altimetry has demonstrated that centimetric height accuracies are achievable over the open oceans, whereas spaceborne swath altimetry (i.e., SRTM) has provided meterscale height accuracies over inland water surfaces (Figure 2 ). Significant technology investment by NASA and the Centre National d'Etudes Spatiales (CNES) in developing the Wide-Swath Ocean Altimeter (previously planned as a payload for the Jason 2 satellite) has resolved many of the technical challenges that had to be overcome for a high-precision swath mission.
The scientific and applications communities have also made advances. TOPEX/POSEIDON and its successor, the Jason altimeter series, are joint efforts of CNES and NASA with large international participation and thousands of publications (http://sealevel.jpl.nasa.gov). Sur face water remote sensing has ongoing com munity involvement in Europe (http://www. legos.obsmip.fr/soa/hydrologie/hydroweb/) and in the United States (http://earthsciences. osu.edu/swwg).These efforts now have been combined to form the Water and Terrestrial Elevation Recovery Hydrosphere Mapper (WATER HM) satellite mission concept. WATER HM was recommended by the U.S. National Research Council's Decadal Survey of Earth Science and Applications from Space (http:// www.nap.edu/catalog/11820.html) as one of 17 high-priority missions. Taken together with other missions either currently approved or recommended by the decadal survey (e.g., Global Precipitation Measurement mission, Hydros soil moisture mission, and a mission focused on global snow measurement), WATER HM will greatly improve our under standing of the storage and movement of water at Earth's surface. Like WATER HM, these missions are suggested by the decadal survey for launch in the 2010-2020 time frame.
Priorities for the joint community are focused on cost tradeoffs when finalizing the design of WATER HM.These tradeoffs include the following: (1) Refinements of the orbit configuration require updated tidal aliasing studies and the study of mea surement subcycles highlighting swath altimetry. Mission costs vary with orbit alti tude and power management requirements, which depend on details of the orbit con figuration. (2) Radiometers are used to cor rect wet troposphere errors in observed ocean heights, whereas their use over land is not currently feasible. In contrast to the ocean, the land surface itself (which does not have long-wavelength centimeter-scale temporal changes similar to the wet tropo sphere), as measured by the SRTM mission, can be used for calibration of tropospheric errors in the absence of strong atmospheric frontal systems. In the ocean coastal zones, where the radiometer will suffer from land effects, high-resolution atmospheric models will likely be needed for corrections. (3) High-resolution spatial sampling is required over inland waters, which results in increased data downlink rates. Studies will be required to determine the appropriate balance between sampling density and data downlink rate.
In addition to oceanography and land hydrology, the proposed measurements will break new ground for studying estuary pro cesses, marine gravity, ocean bathymetry, sea ice, and glaciers. Participation from the broad Earth science community is wel comed as the final WATER HM mission design proceeds (http://earthsciences.osu. edu/water). 
